Abstract: Quantifying changes in potential soil erosion under projections of changing climate is important for the sustainable management of land resources, as soil loss estimates will be helpful in identifying areas susceptible to erosion, targeting future erosion control efforts, and/or conservation funding. Therefore, the macro-scale Variable Infiltration Capacity-Water Erosion Prediction Project (VIC-WEPP) soil erosion model was utilized to quantify soil losses under three climate change scenarios (A2, A1B, B1) using projections from three general circulation models (GFDL, PCM, HadCM3) for the Great Lakes region from 2000 to 2100. Soil loss was predicted to decrease throughout three future periods (2030s, 2060s, and 2090s) by 0.4-0.7 ton ha −1 year −1 (4.99-23.2%) relative to the historical period (2000s) with predicted air temperature increases of 0.68-4.34 • C and precipitation increases of 1.74-63.7 mm year −1 (0.23-8.6%). In the forested northern study domain erosion kept increasing by 0.01-0.18 ton ha −1 year −1 over three future periods due to increased precipitation of 9.7-68.3 mm year −1 . The southern study domain covered by cropland and grassland had predicted soil loss decreases of 0.01-1.43 ton ha −1 year −1 due to air temperature increases of 1.75-4.79 • C and reduced precipitation in the summer. Fall and winter had greater risks of increased soil loss based on predictions for these two seasons under the A2 scenario, with the greatest cropland soil loss increase due to increased fall precipitation, and combined effects of increases in both precipitation and air temperature in the winter. Fall was identified with higher risks under the A1B scenario, while spring and summer were identified with the greatest risk of increased soil losses under the B1 scenario due to the increases in both precipitation and air temperature.
Introduction
It is critically important to clarify climate change impacts on soil loss to support the large-scale policies of land resource management and soil conservation in the U.S. Great Lakes region, which suffers from water quality degradation caused by agricultural nonpoint source pollution. Climate change studies of the Great Lakes region indicate projected increases in both precipitation and air temperatures [1] [2] [3] . By the end of the 21st century, annual precipitation is projected to increase up to 20% across the Great Lakes region [2] with precipitation increases in both winter and spring and decreases in summer [1, 2] . Mean annual air temperature is projected to increase by 2.2 • C to 5.8 • C with more frequently occurring extreme heat events and more common heavy precipitation events [4] [5] [6] .
has a typical continental climate with a hot, wet summer and a cold, long winter, as the average summer precipitation is about 288 mm with air temperature of 20 • C, and winter precipitation is about 81 mm with an average air temperature around −8 • C. Annual average precipitation increases from western Minnesota (483 to 889 mm) to the eastern part of Michigan (762 to 1016 mm), with greater precipitation changes around the border between Wisconsin and Minnesota. Annual average temperatures increase gradually from the north border of Minnesota at about 2 • C to the south boundary of Michigan at about 10 • C. The study domain comprises parts of the upper Mississippi River basin (Wisconsin, Michigan), and parts of the Great Lakes drainage basin (Minnesota). 41% of the study domain is forest land, 9% is grassland, and 50% is cropland/non-forested area. The northern part of the study area is heavily forested with coniferous trees and broad leaf trees ( Figure 2 ) [21] . The middle part is covered with grasses and the southern part is non-forested with agricultural land use in corn production [5, 18] . The slopes of the study domain are flat except for those in the southern area, as the Mississippi Valley is located here with a high frequency of steep slopes ( Figure 3 ). Modern land cover map of three states within the Great Lakes region together with watersheds and gauge stations for model hydrological calibration [21] . 
Model Description
The coupled VIC-WEPP model is a macro scale soil erosion model, details of which can be found in Mao et al. [20] . For clarity, a brief introduction is provided here. The VIC-WEPP model is a coupled soil erosion model between the VIC model [21] [22] [23] and the WEPP-Hillslope Erosion (WEPP-HE) model [17, 24, 25] . This model can be used to estimate soil loss of grid cells with 1/8th degree latitude by longitude. In the VIC-WEPP model, WEPP-HE estimates soil loss of hill slopes within a grid cell based on the hydrologic parameters provided by VIC. The VIC-WEPP model was applied in this study instead of the WEPP model because the application scale of the VIC-WEPP model is much larger than the small agricultural fields which are appropriate for WEPP model utilization [24] .
The VIC-WEPP model needs inputs of climate, slope, soil, and land cover for each grid cell within the study domain. Slope inputs were extracted from a 30 × 30 m DEM map downloaded from the U.S. seamless data server. Soil data was derived from the Conterminous United States Soil Characteristics Dataset [26] which is based on the State Soil Geographic Data Base (STATSGO) data and has been aggregated to the resolution of an eighth-degree grid cell. Land cover inputs were extracted from the land cover map in Mao and Cherkauer [27] . Cropland is dominated by corn (Zea mays) production and managed with fall chisel plow tillage method as it is the major operational tillage practice [18] . Soil loss was estimated for each one of the 4760 grid cells which composed the Great Lakes region.
General Circulation Models (GCMs) and Green House Gas (GHG) Scenarios
The climate dataset was from the Coupled Model Intercomparison Project 3 (CMIP3) datasets instead of the CMIP5 datasets [28] , due to the inadequate representation of precipitation variability of the CMIP5 datasets in the Midwestern U.S. found by Wubble et al. [29] and the failure in capturing the increased intensity, duration and frequency of precipitation extremes described by Mohammed et al. [30] in the Champlain Basin. Three emission scenarios (A2, A1B, and B1) were selected based on the different characteristics of each scenario about the global economy, population, technology development, and energy consumption (the Special Report on Emission Scenarios SRES) [31] . The three GCMs were selected based on their sensitivity to GHG emissions from high to low. They were the GFDL-CM2 (Geophysical Fluid Dynamics Laboratory Version 1.1) [32, 33] , HADCM3 (Hadley Centre climate model Version 3.1) [34, 35] , and PCM (Parallel Climate Model Version 1.3) [36] models. The projected climate dataset from multiple model ensembles have been found to diminish spatial biases from individual GCMs [37] .
Projected climate data was corrected and downscaled from monthly to daily data for each grid cell with the method of Wood et al. [38] and the support of historical Probability Density Functions (PDFs) from Sinha and Cherkauer [12] . In this study, the daily precipitation dataset from 2000 to 2099 was disaggregated into an hourly time step with the CLIGEN model (CLImate GENeration) [39] as soil erosion happens in a short time and near instantaneous rainfall intensity is important for infiltration excess runoff and soil erosion [40] . The historical period in this study is defined from 2000 to 2009, early century period is from 2030 to 2039, middle century period is from 2060 to 2069, and late century period is from 2090 to 2099.
Calibration and Validation
Calibration of the VIC-WEPP model in this study included two parts. The first part was the runoff calibration conducted by adjusting the hydrologic parameters in the VIC model. The second step was to assess soil loss estimates through comparison of the simulated and observed soil losses. Model streamflow calibration and evaluation of the Great Lakes region were conducted by Mao and Cherkauer [27] in five watersheds (Figure 2 ) which represent a large part of the study domain with satisfactory results for the Nash-Sutcliffe coefficient of efficiency [41] and the agreement index [42] . The calibrated model setting of streamflow by Mao and Cherkauer [27] was applied in this study. Soil loss calibration and validation of the VIC-WEPP model for the study domain was done through comparison between the simulated and observed soil losses of two sites (Waseca, MN and Morris, MN) by Mao et al. [20] with parameters obtained for the base inputs from the VIC model for each site.
Uncertainty Analysis
Model uncertainty analysis was performed in this study to make sure that the estimated soil loss of a grid cell was within the acceptable range with the clarified uncertainty. The General Likelihood Uncertainty Estimation (GLUE) approach [43] with Markov Chain Monte Carlo simulation was applied to quantify the VIC-WEPP model uncertainty in estimating soil loss at Waseca, MN (Figure 1 ). Monte Carlo sampling from a parameter space with normal distribution was done for five parameters of the VIC-WEPP model. The parameter Nash-Sutcliffe Efficiency (NSE) was used as the likelihood function with 0.5 as the threshold,
where Q obs is the observed value, Q sim is the simulated value, Q obs is the average observed value. The next three steps included calculation of likelihood values of behavioral parameter sets, rescaling these values to formulate a cumulative distribution, and derivation of quintiles of uncertainty from the cumulative distribution. Climate change impacts on soil erosion were studied by analyzing the precipitation, air temperature, runoff, and soil loss changes between the historical period and the three future periods. To identify the areas susceptible to soil loss, the analysis was conducted for the entire study domain and the three major land covers over the three future periods under the three SRES scenarios. To identify the seasons with high risks of soil losses, the four parameters analysis was performed at annual and seasonal time steps in the three future periods (2030s, 2060s, 2090s) under the three SRES scenarios (A2, A1B, and B1) based on the characteristics of each scenario in the SRES report.
Results

Uncertainty Analysis of VIC-WEPP Model with GLUE Method
Though model calibration and validation is done in Mao and Cherkaur [27] , to make sure the model reliability in estimating the soil loss, parameter uncertainty analysis is done in Waseca, IN with five parameters: the variable infiltration curve parameter, the maximum baseflow, fraction of dsmax where non-linear baseflow begins, fraction of the maximum soil moisture where non-linear baseflow occurs, and the saturated hydrologic conductivity. The five parameters are frequently used in the VIC model application studies to calibrate model for streamflow estimation [5, 12, 44] and used for VIC-WEPP model evaluation [27] about soil loss estimation. Parameters about soil erodibility and critical shear stress are calculated with the equations in WEPP-HE model based on the inputs from VIC model for the grid cell. Posterior distributions of the five parameters are obtained through analyzing the behavioral parameter sets and shown in Table 1 . Three parameters about the variable infiltration curve parameter, the fraction of dsmax where non-linear baseflow begins, and the fraction of the maximum soil moisture where non-linear baseflow occurs are well identifiable parameters with less parameter uncertainty due to the small values of variances, while the rest two parameters with larger variance values indicate more scatter and larger parameter uncertainty.
The GLUE method is applied to conduct a parameter uncertainty analysis using a threshold of NSE greater than or equal to 0.5 for the selection of behavioral parameter settings that ensure the model simulation effectiveness. The 95% confidence intervals are indicated in Figure 4 highlighted the uncertainty range caused by the parameters. The observed soil loss values are mostly within the 95% confidence intervals (Figure 4 ). The uncertainty is lower for the months with low soil loss quantity, while greater for months with great soil loss. The evaluation results demonstrate that the parameter settings for the VIC-WEPP model produce reasonable estimates of soil loss estimation in the grid cell of Waseca site, MN. 
Analysis of Climate Change for the Great Lakes Region
For the entire Great Lakes region, annual precipitation is projected to increase constantly by 1.74 (0.23%) to 63.71 mm (8.07%) over three future periods with the greatest increase in the middle century period under the A2 and A1B scenarios (Table 2, Figure 5 ). Spatially, croplands have the greatest increase of annual precipitation followed by the forest and grass areas ( Figure S1 , Table 3 ). Seasonal precipitation for the entire study domain decreases in summer, and increases in the other three seasons with the greatest increase in the fall over the three future periods under the A2 and A1B scenarios ( Figure 5 ). Spatially, seasonal precipitation changes for the three land covers were consistent with the precipitation changes of the entire study domain with increases in the fall and decreases in the summer over the three future periods, and croplands have the greatest fall increase and summer decrease among the three land covers under the A2 scenario (Table 3) . Annual air temperature is projected to increase by 0.85 to 4.34 • C with the greatest increase in the late century period under the three SRES scenarios (Table 2 ). It increases evenly over the entire study domain with three the three major land covers ( Figure S1 , Table 4 ). Air temperature increases through the four seasons with the greatest increases in summer by 1.22 to 5.52 • C followed by the fall, winter, and spring under the A2 and A1B scenarios, while it has the greatest increase over fall seasons under the B1 scenario ( Figure 5 ). 
Analysis of Runoff under Climate Change
Annual runoff of the entire study domain has different changing trends with precipitation and air temperature, as it is projected to decrease by −0.6 mm (−0.64%) to −6.91 mm (−6.39%) over three future periods under three SRES scenarios due to the air temperature rise which elevates the ET and decreases soil moisture ( Figure 6 , Table 5 ). Spatially, annual runoff increases in the forest areas in the northern study domain, and decreases in the crop and grass areas located in the middle and southern study domains, particularly the areas around the Mississippi Valley over three future periods (Table 6 , Figure S1 ). It has the greatest decreases in the croplands followed by the grasslands over three future periods under the three SRES scenarios (Table 6 ). Figure 6 . Seasonal changes of soil moisture, ET, runoff, and soil loss changes over three future periods under three SRES scenarios.
Temporally, seasonal runoff of the entire study domain has similar changing trends with precipitation, as it is projected to decrease in spring and summer, and increase in fall and winter through three future periods under the A2 and A1B scenarios, while runoff increases only in winter under the B1 scenario. Summer runoff decreases due to the precipitation reductions and air temperature increases which elevate the ET and decrease the soil moisture over three future periods ( Figure 6 ). Spring runoff reduction is attributed to the air temperature rise as well. Winter runoff has the greatest increase over the four seasons as the result of the increased precipitation and air temperatures over three future periods. Increased winter air temperature changes precipitation from snow toe rainfall [12, 45] . Snow is predicted to decrease around 31.4% to 44.7% by Bosch et al. [45] in four watersheds around Lake Erie in the early and middle century periods. Fall runoff has the second greatest increase over the four seasons, even though fall precipitation increases were greatest, as increased fall air temperatures greatly elevate ET and decrease soil moisture ( Figure 6 ). The projected seasonal runoff increase in fall and winter is lower than the decrease in summer and spring, therefore, the annual runoff is reduced as a result of the uneven seasonal distribution of precipitation changes and air temperature rise, even though the annual precipitation increases over the three future periods.
Spatially, forestland runoff has the same changing trend with the precipitation change, as it increases annually with seasonal increases in spring, fall, and winter and decreases in summer. Runoff from croplands and grasslands decreases annually due to the greater decreases in spring and summer and lower increase in fall and winter. The runoff decline in spring and summer is caused by the combined effects of the air temperature increase and precipitation reduction, while lower runoff increases in fall and winter are caused by the precipitation increase and air temperature rise (Table 7) . Therefore, the uneven seasonal changes of precipitation and air temperature rise are the major reasons for the runoff decreases of croplands and grasslands. 
Analysis of Soil Loss under Climate Change
Annual soil loss has consistently changing trends with runoff, as it is projected to decrease over three future periods by 0.43 ton ha −1 (4.98%) to 1.80 ton ha −1 (21.41%) with the greatest decrease in the late century period under the three SRES scenarios (Table 5) . Temporally, the seasonal soil loss of the entire study domain increases in fall and winter, while it decreases in spring and fall over the three future periods. The magnitude of seasonal soil loss increased in fall and winter is less than the reduction in summer and winter, therefore, the annual soil loss decreases under A2 scenario ( Figure 6 ). Spatially, annual soil loss increases in the forest areas, while it decreases in the crop and grass areas through the three future periods (Table 6 ), particularly, in the areas around the Mississippi Valley covered with grasses and crops ( Figure S1 ). The increased soil loss in the forest areas of lesser magnitude than the soil loss reduction in the crop and grass areas, therefore, the annual soil loss of the entire study domain decreases over the three future periods.
Temporally, projected seasonal soil losses of the entire study domain have the same changing trends with runoff and precipitation with increases in fall and winter and decreases in summer over three future periods under the A2 scenario (Table 7, Figure 6 ). Fall and winter have increased soil loss due to the increase of precipitation and runoff (Table 7) . Soil loss has a greater increase in the fall than in winter with the lower fall runoff, due to the increase of extreme storm events in intensity and frequency in the fall [44] . Summer soil loss reductions mainly occur due to the precipitation decrease over the three future periods (Table 7) . Spring soil loss decreases were mainly due to air temperature increases that decreased runoff because of greater ET and lower soil moisture levels ( Figure 6 ). The magnitude of soil loss reductions in the summer and spring are greater than the soil loss increases in the fall and winter, therefore, the annual soil loss decreased. Both the A1B and B1 scenarios have soil loss increases in the fall and winter respectively, which were different from the two seasons of soil loss increases for A2.
Spatially, projected seasonal soil loss changes of forestlands are the same as the precipitation and runoff changes, with soil loss increases in spring, fall, and winter due to the precipitation increase, and decreases in the summer due to the precipitation decrease (Table 7) . Seasonal soil loss of the grass and crop areas has similar changing trends with runoff, as it increases in the fall and winter, while it decreases in the spring and summer. Soil loss decreases in the spring and summer are mainly due to the air temperature rise and precipitation reduction respectively, and increases in fall and winter are a result of precipitation increases. Annual soil loss of forestlands increases due to the precipitation increase, while crop and grass areas have decreased soil loss as a result of precipitation decreases in summer and air temperature rise ( Table 7) . As the annual soil loss reduction of crop and grass areas is greater than the increased quantity of forestlands, projected annual soil loss over the three land covers decreases throughout the three future periods.
Impacts of Steep Slopes on Soil Loss Responses to Climate Change
Greater projected changes in soil loss were predicted in the southern study domain where the Mississippi River Valley is located ( Figure S1 ). Therefore, changes in precipitation, air temperatures, runoff, and soil loss are plotted with the slopes in Figure 7 under the A2 scenario. No obvious precipitation changes are indicated with slope variation, while air temperatures show greater increases over steep slopes (>10%) than flat slopes (<10%). Runoff in spring and summer decreases with the slope gradient and has greater reductions over steep slopes than flat slopes, and no obvious changes are detected for runoff in the fall and winter. The greater runoff decrease over steep slopes in spring and summer is attributed to the greater air temperature rise which decreases the soil moisture and increases the ET over steep slopes.
Soil loss has greater projected decreases on the steeper slopes than the flatter slopes in the spring and summer, particularly in the late century periods due to the greater air temperature rise. Fall and winter soil losses were greater on the steeper slopes than the flatter ones, even though they have slight increases in the late century period. Steep slopes make soil loss more sensitive to climate changes, particularly, in the spring and summer over the three future periods (Figure 7) . Therefore, it makes sense that areas around the Mississippi River Valley with greater soil loss are projected to decrease in the spring and summer, but increase in the fall and winter ( Figure S2 ). 
Discussion
The projected annual precipitation of the Great Lakes region increases under three SRES scenarios and seasonal precipitation increases in spring, fall, and winter, while it decreases in summer over three future periods under the A2 and A1B scenarios. Air temperature increases constantly over the three future periods with the greatest increase in summer over all four seasons. Annual runoff decreases over the three future periods due to the air temperature increase together with unequal precipitation changes over the four seasons. Runoff decreases in spring and summer as a result of the precipitation reduction and air temperature rise, while it increases in the fall and winter due to the precipitation increase. This finding is close to that of Cousino et al. [46] where they projected annual flow decreases and precipitation increases in the Maumee River watershed in the Great Lakes region. Cousino et al. [46] attributed the runoff reduction to the ET increases led by the air temperature increase, as the runoff decreases for three seasons in the late century period due to the substantially greater ET increases and smaller annual precipitation increases, though no seasonal analysis was provided about precipitation and runoff.
Projected annual soil loss of the Great Lakes region has similar changing trends as runoff, as it decreases over the three future periods under the three SRES scenario. Seasonal soil loss has greater decreases in spring and summer due to the combined effects of reduced precipitation and increased air temperature and it has smaller increases in fall and winter resulting from precipitation increases. Therefore, annual soil loss decreases over the entire study domain. Our finding is similar to the conclusions of Verma et al. [47] who predicted decreased annual soil loss by 3.3% to 25.8% in the middle century period based on a precipitation decrease of 3.2% with soil loss decreases in spring, summer, and fall in the Maumee River watershed of the Great Lakes region. Cousino et al. [46] found that soil losses in the same watershed were projected to decrease over the four seasons due to significantly increased ET led by the air temperature increase even though precipitation increases slightly in the middle and late century period. O'Neal et al. [11] obtained similar findings in northern Indiana with soil loss projected to decrease by 3.0% based on a runoff decrease of 26% and precipitation increase of 6.8% with a decrease in July and an increase in October.
Spatially, annual soil loss of the Great lakes region decreases due to the smaller increase in the forest areas and greater decreases in the crop and grass areas. Forest areas have increased annual soil loss mainly due to the precipitation increase, and seasonal soil loss increases in spring, fall, and winter for the same reason over three future periods under the three SRES scenarios. Crop and grass areas have decreased annual soil loss mainly due to the air temperature rise with greater seasonal soil loss decreases in spring and summer and lower increases in the fall and winter. Therefore, soil conservation management practices should be planned to reduce the impacts of precipitation increases with attention focused on the spring, fall, and winter in the forestlands, and in the fall and winter for the grasslands and croplands. Steep slopes make soil loss more sensitive to the climate change, as areas of steeper slopes had greater soil loss reductions due to the air temperature rise. The southern study domain located in the Mississippi River Valley with steeper slopes had greater projected soil loss reductions in summer due to precipitation decreases, and smaller soil loss increases in the remainder of the year due to the combined effects of increased air temperatures and precipitation.
Uncertainties exist in this study about the exact land uses and field managements in the Great Lakes region; they were held constant in this study for the future and base periods to isolate the climate change impacts on soil losses. The tillage methods, tillage dates, crops, and cropping dates may change in the future instead of being fixed for the simulations in this study. A shift to earlier crop planting dates would leave fields protected by crop canopy cover for longer time periods that likely would act to reduce runoff and soil erosion in the spring [11] . Agricultural areas are major sources of soil losses, but it is uncertain that the land use type area percentages will not change [11] . Uncertainties coming from the VIC-WEPP model application related to the model structure, inputs, and parameters are present in the estimation of soil losses. In addition, uncertainties also come from the climate model results used to make the predictions.
Conclusions
Response of soil loss towards future climate change was studied in the U.S. Great Lakes region for three future periods under three climate scenarios to clarify the temporal and spatial distributions of soil loss. The VIC-WEPP model was utilized to estimate the soil loss after a parameter uncertainty analysis was performed with the GLUE method at Waseca, MN. Changes in projected precipitation, air temperature, runoff, and soil loss were analyzed at seasonal and annual time steps for the entire study domain and for three major land covers.
Annual precipitation is projected to increase constantly by 0.23% to 8.6% over three future periods with seasonal precipitation increases in the spring, fall, and winter, and decreases in the summer. Air temperature is projected to increase by 0.68 • C to 4.34 • C with the greatest increase in summer followed by fall, winter, and spring. Annual runoff is projected to decrease by 0.64% to 6.39% with seasonal runoff increases in the fall and winter and decreases in the spring and summer. Runoff from the forestland in the northern study domain is projected to increase in the spring, fall, and winter due to precipitation increases and to decrease in the summer due to decreased precipitation. Runoff from crop and grass areas in the middle and southern study domain has greater projected decreases in the spring and summer and lower projected increases in the fall and winter due to the combined effects of air temperature and precipitation increases.
Annual soil loss is projected to decrease by 4.99% to 23.2% over three future periods with seasonal soil loss increases in the fall and winter and decreases in the spring and summer. Summer soil loss decline is due to the precipitation reduction and fall soil loss increase is caused by increased precipitation. Annual soil loss from forestland increases with seasonal soil loss increases in the spring, fall, and winter, and decreases in the summer. Soil loss from the cropland and grassland areas decreases with seasonal soil loss increases in spring and summer, and decreases in fall and winter. Soil loss from steep slopes is more sensitive to climate change as steep hillslopes have greater soil loss reductions than the flat ones in the spring and summer due to the air temperature rise.
To reduce soil loss in the Great Lakes region, soil conservation efforts should focus on the fall and winter seasons in reducing the effects of increased precipitation on cropland and grassland areas. Efforts also should be exerted in forestlands in the spring to reduce the increased soil loss caused by the precipitation increases. In future studies, the land cover changes need to be considered in the soil loss predictions and soil loss conservation strategies, as soil loss will increase at a greater rate if forestland is replaced with grassland in the northern study domain, and grassland is replaced with cropland in the southern study domain in the future, based on the hydrological responses toward land cover change of Mao and Cherkauer [27] .
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